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DETECTION OF HEART FAILURE 
DECOMPENSATION BASED ON 

CUMULATIVE CHANGES IN SENSOR 
SIGNALS 

FIELD OF THE INVENTION 

The present invention relates generally to evaluation of 
heart failure symptoms. 

BACKGROUND OF THE INVENTION 

Heart failure is an abnormality of cardiac function that 
causes cardiac output to fall below a level adequate to meet 
the metabolic demand of peripheral tissues. Heart failure is 
usually referred to as congestive heart failure (CHF) due to 
the accompanying venous and pulmonary congestion. Con 
gestive heart failure may have a variety of underlying causes, 
including ischemic heart disease (coronary artery disease), 
hypertension (high blood pressure), and diabetes, among oth 
ers. 

Because of the need for early evaluation heart failure symp 
toms, an effective approach to monitoring and early diagnosis 
is desired. Evaluating physiological sensor information may 
allow early intervention, preventing serious heart failure dec 
ompensation and hospitalization. The present invention pro 
vides early evaluation of disease symptoms and opportunities 
for effective treatment and offers various advantages over the 
prior art. 

SUMMARY OF THE INVENTION 

The present invention is directed to methods and devices 
for evaluation of heart failure symptoms. One embodiment of 
the invention is directed to a method for evaluating heart 
failure symptoms. Sensor data associated with one or more 
symptoms of heart failure are acquired. A cumulative sum is 
developed using the sensor data. One or more heart failure 
symptoms are evaluated based on the cumulative sum. In 
some embodiments, the sensor data is acquired within a mov 
ing time window. 

The acquired sensor data may be associated with one or 
more respiration parameters and/or one or more cardiac 
parameters, or other parameters associated with heart failure 
symptoms. In one con?guration, acquiring the sensor data 
involves generating a transthoracic impedance signal and 
extracting statistical features from the transthoracic imped 
ance signal. 

The sensor data may be acquired from a single sensor or 
from multiple sensors. If multiple sensors are used, the cumu 
lative sum may be developed through calculation of a multi 
variate cumulative sum. 

The cumulative sum can be developed based on the slope of 
trended sensor data. The cumulative sum is compared to a 
threshold or V-mask to detect shifts in the sensor data indi 
cating changes in CHF symptoms. In some con?gurations, an 
alert is generated based on the shift. In other con?gurations, a 
shift in the cumulative sum triggers implementation or modi 
?cation of therapy, such as cardiac pacing therapy, drug 
therapy, or other type of therapy used to treat heart failure. 

Another embodiment of the invention involves a medical 
device used for evaluating CHF symptoms. The medical 
device includes sensing circuitry con?gured to acquire sensor 
data associated with one or more symptoms of heart failure. A 
diagnostics processor coupled to the sensing circuitry is con 
?gured to develop a cumulative sum using the sensor data. 
The diagnostics processor evaluates the heart failure symp 
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2 
toms based on the cumulative sum. In some embodiments, at 
least one of the sensing circuitry and the diagnostics proces 
sor comprises an implantable component. 
The diagnostics processor is con?gured to extract statisti 

cal features from the sensor data and use the extracted fea 
tures to develop the cumulative sum. According to a more 
speci?c application, the diagnostics processor may trend the 
sensor data, determine a slope of the trend, and develop the 
cumulative sum using the slope. 

In one con?guration, the sensing circuitry includes a sensor 
con?gured to sense transthoracic impedance and to acquire 
sensor data based on the transthoracic impedance signal. 
The medical device of claim may further include an alarm 

unit coupled to the diagnostics processor. If the diagnostics 
processor detects a shift in the cumulative sum exceeding a 
speci?ed threshold, the diagnostics processor may send a 
control signal to the alarm unit to issue an alert. 

In another con?guration, the medical device may also 
include a therapy control unit coupled to the diagnostics 
processor. The therapy control unit is used to control a 
therapy, such as a cardiac pacing therapy, based on the evalu 
ation of the one or more heart failure symptoms. 

The above summary of the present invention is not 
intended to describe each embodiment or every implementa 
tion of the present invention. Advantages and attainments, 
together with a more complete understanding of the inven 
tion, will become apparent and appreciated by referring to the 
following detailed description and claims taken in conjunc 
tion with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram illustrating the typical physiological 
response to progression of congestive heart failure; 

FIG. 2 is a ?owchart illustrating a method for evaluating 
heart failure symptoms in accordance with embodiments of 
the invention; 

FIG. 3 is a ?owchart illustrating initiation of clinical action 
based on persistent shifts in data associated with heart failure 
symptoms in accordance with further embodiments of the 
invention; 

FIGS. 4A-4F provide graphs illustrating heart failure 
symptom evaluation based on cumulative changes in sensor 
data for three rates of decompensation in accordance with 
embodiments of the invention; 

FIGS. 5A and 5B illustrate a ?owchart of a method for 
evaluation of heart failure symptoms in accordance with 
another embodiment of the invention; 

FIG. 6 illustrates an implantable medical device that may 
be used to evaluate heart failure symptoms in accordance with 
embodiments of the present invention; 

FIG. 7 is an illustration of an implantable medical device 
including a subcutaneous, non-intrathoracic lead assembly 
shown implanted outside the ribcage, the implantable medi 
cal device implemented to evaluate heart failure symptoms in 
accordance with embodiments of the invention; and 

FIG. 8 is a block diagram showing a variety of illustrative 
operations that may be performed involving evaluation of 
heart failure symptoms in accordance with embodiments of 
the invention. 

While the invention is amenable to various modi?cations 
and alternative forms, speci?cs thereof have been shown by 
way of example in the drawings and will be described in detail 
below. It is to be understood, however, that the intention is not 
to limit the invention to the particular embodiments 
described. On the contrary, the invention is intended to cover 
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all modi?cations, equivalents, and alternatives falling within 
the scope of the invention as de?ned by the appended claims. 

DETAILED DESCRIPTION OF VARIOUS 
EMBODIMENTS 

In the following description of the illustrated embodi 
ments, references are made to the accompanying drawings, 
which form a part hereof, and in which is shown by way of 
illustration, various embodiments in which the invention may 
be practiced. It is to be understood that other embodiments 
may be utiliZed, and structural and functional changes may be 
made without departing from the scope of the present inven 
tion. 

The present invention is directed to detecting early onset of 
heart failure decompensation based on analysis of sensor 
data. The sensor data analysis involves detecting cumulative 
changes in sensed signals associated with heart failure symp 
toms. The systems and methods described herein are particu 
larly applicable to disease symptoms that tend to accumulate 
during compensatory system overload. 

FIG. 1 is a diagram illustrating the typical physiological 
response to progression of CHF. CHF triggers a number of 
compensatory mechanisms 110 evidenced in increased heart 
rate, increased cardiac muscle mass, activation of Renin 
Angiotensin-Aldosterone System and vasoconstriction. Dur 
ing a ?rst phase, the patient’s CHF is compensated 120 when 
physiological systems are able to counteract the heart’s 
reduced pumping e?iciency to a certain extent. The initially 
palliative, compensatory mechanisms may serve to mask the 
patient’s underlying condition. As CHF progresses, a positive 
feedback loop 130 results as the patient’s body attempts to 
compensate for the heart’s decreased pumping e?iciency, 
sometimes producing a rapid accumulation of symptoms. 
Unchecked, CHF eventually transitions to the decompen 
sated state 140 when physiological systems are no longer able 
to compensate for the cardiac loss of power. Systems and 
methods in accordance with embodiments of the present 
invention provide for monitoring 150 sensor data to detect the 
exacerbation of symptoms associated with CHF decompen 
sation like ?uid accumulation in the lungs, respiratory dis 
tress, disordered breathing, peripheral edema, and/or other 
symptoms. 

FIG. 2 is a ?owchart illustrating a method for evaluating 
CHF symptoms in accordance with embodiments of the 
invention. Sensor data associated with one or more symptoms 
of heart failure are acquired 210. The sensor data may be 
acquired using implantable sensors, patient-extemal sensors, 
partially implantable sensors and/or patient response systems 
which generate signals associated with various CHF symp 
toms. A cumulative sum is developed 220 using the sensor 
data. The heart failure symptoms are evaluated 230 based on 
the cumulative sum. 

In one implementation, acquiring the sensor data involves 
acquiring discrete sample values of a ?ltered sensor signal. 
The development of the cumulative sum involves determining 
the cumulative sum from the discrete sample values. In 
another implementation, acquiring the sensor data involves 
extracting statistical features from sensor signals. For 
example, the sensor data may be trended and slopes of the 
trend extracted at a series of data points within a moving 
window. The slopes determined from the trended data may be 
used to develop the cumulative sum. Alternatively, the cumu 
lative sum may be based on other statistical or morphological 
features of the data trend. 

The cumulative sum can be used to evaluate one or more of 

the patient’ s CHF symptoms, to diagnose or detect a presence 
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4 
of CHF and/ or to track the progression or regression of CHF 
or various symptoms associated with CHF. Based on the 
evaluation, one or more clinical actions may be taken, such as 
implementation of a therapy or generation of an alarm. 

Initiation of clinical action based on evaluation of heart 
failure symptoms is illustrated in FIG. 3. As an example, the 
process involves monitoring for increased ?uid buildup in the 
lungs, a symptom of heart failure which often leads to hospi 
taliZation. Fluid in the lungs can be detected via implantable 
transthoracic impedance measurements. Electrodes used for 
implantable transthoracic impedance measurement may be 
positioned on the patient’ s chest, or may be implanted within 
the chest. In one implementation, the electrodes used for the 
impedance measurement are electrodes used in conjunction 
with an implantable cardiac device such as a pacemaker or 
de?brillator. 
A signal corresponding to the patient’s transthoracic 

impedance is generated 301 at the impedance sense elec 
trodes and ?ltered 302. The sensor signal is processed to 
extract key characteristics 303 of the signal in a moving 
window. A cumulative sum of the extracted features is per 
formed 304. In one embodiment, the slope of a linear ?t of the 
trended sensor data for a moving window is extracted, such as 
about a 14 day moving window, although other lengths for the 
moving window may be used. Statistical or morphological 
features of the data signal other than the slope may altema 
tively be extracted and used to form the cumulative sum. The 
length of the moving window may be adjusted to allow aver 
aging over a longer window to reduce the possibility of detec 
tion of false trends. 
The cumulative sum is evaluated to detect persistent shifts 

in the trended signal data or extracted signal features which 
would indicate changes in lung ?uid. In some embodiments, 
evaluation to detect changes in the patient’s symptoms indi 
cated by shifts in the sensor data involves comparing the 
cumulative sum to one or more thresholds. A clinical action 

decision is made 305 based on the shifts indicated by the 
cumulative sum. For example, if the cumulative sum indicates 
that the severity of the patient’s lung ?uid is su?iciently low 
and stable, no clinical action is taken 308. If the cumulative 
sum indicates a persistent and su?iciently large shift in the 
amount of lung ?uid, clinical action, such as generating an 
alert and/or initiating, modifying or terminating delivery of 
therapy, may be taken 307. 
The threshold and/ or the length of the moving window may 

be selected based on patient characteristics. For example, 
clinical characteristics such as etiology and activity tolerance 
(e.g., based on NYHA classi?cation), and/or demographic 
characteristics such as age may be used to segment the popu 
lation to adjust the threshold and/or moving window. Addi 
tionally or alternatively, physicians may set or adjust the 
threshold and/or moving window length. 

FIGS. 4A-4F provide graphs illustrating heart failure 
symptom evaluation based on cumulative changes in sensor 
data for three rates of decompensation in accordance with 
embodiments of the invention. FIGS. 4A and 4B are graphs of 
?ltered sensor data and the cumulative sum of the extracted 
slope of the ?ltered sensor data, respectively, for decompen 
sation at a medium rate. FIGS. 4C and 4D illustrate rapid 
decompensation and FIGS. 4E and 4E illustrate slow decom 
pensation. 

In each of these cases, the cumulative sum of the slope of 
the trended data (slope cumsum) is evaluated in a moving 
window. The slope cumsum is compared to a threshold value 
410. In one implementation, an alert or other clinical action 
may be taken at the point 420 when the slope cumsum 
exceeds the threshold value as indicated in FIGS. 4B, 4D, and 
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4E. In another implementation, a V-mask may be used to 
determine if clinical action should be taken. The V-mask 
involves evaluation of both the slope of the shift and a deci 
sion interval. FIGS. 4B, 4D, and 4E indicate the point 430 at 
which the clinical action decision is made if aV-mask is used. 
Shown in FIGS. 5A and 5B is a ?owchart of a method for 

evaluation of heart failure symptoms in accordance with 
another embodiment. A representative set of parameters 
which may be used to evaluate heart failure symptoms using 
methodologies of the present invention include implantable 
transthoracic impedance, respiratory rate, tidal volume, 
forced expiratory volume, S3 or S4 gallop heart sounds, heart 
rate variability, weight, activity, and apnea hypopnea index, 
among other parameters indicative of CHF symptoms. 

Sensor data is acquired 505 and ?ltered by averaging to 
remove short-term noises, e.g., due to posture changes. The 
sensor data is trended 510 using a linear ?t of the data in a 
moving window. Morphological or statistical features of the 
sensor data are extracted 515. As previously described, one 
example of feature extraction involves determining the slope 
of the data trend. Another option for feature extraction is 
determining the time series skewness, which may be calcu 
lated using Equation 1. 

N 

Z (Y.- — Y? 
skewness : ‘:1 

(1v - 1).:3 

where N is the number of data values,Yl- is the ith data value, 
Y is the mean of the data values, and s is the standard devia 
tion. 

Optionally, goodness of ?t statistics may also be collected 
520 for the moving window and used 525 to validate the 
feature extraction. 

Weighted and bounded cumulative sum statistics are cal 
culated 530 for the extracted features. Persistent shifts in the 
data are identi?ed using the cumulative sum statistics. This 
technique re?ects the cumulative nature of the CHF compen 
satory mechanisms. The weights and bounds used for the 
cumulative sum calculation may be adjusted to enhance algo 
rithm robustness with respect to short-term drifts, and to 
increase the speci?city and/or sensitivity of CHF symptom 
analysis. 

The cumulative sum is compared 535 to a threshold or 
V-mask. Optionally, the shift detection indicated by the 
threshold or V-mask comparison is validated 540 by testing 
the previously computed goodness of ?t margins. For 
example, cross-validation of the shift detection may be per 
formed by detecting an increase in the sum or squared errors 
(SSE). In some implementations, validation of the shift detec 
tion may be achieved based on corroborating parameters, 
such as through the acquisition and analysis of sensor data 
from multiple sensors. 
A clinical action decision is made 545 (FIG. 5B) based on 

the comparison operation. If a shift is detected, clinical action 
is taken 555, which may involve generating an audible, 
visual, or vibratory alert to warn the patient and/ or physician 
of the deterioration in the patient’s condition. In some imple 
mentations, the alert may comprise an email, pager and/or 
telephone message. In some embodiments, the clinical action 
taken may involve implementing a therapy delivered to the 
patient, where implementation of the therapy may include 
initiating, terminating or modifying therapy. The therapy may 
comprise a pacing therapy delivered by an implantable pace 
maker. Implementation of the pacing therapy may involve the 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
use of pacing parameters selected to treat CHF symptoms. 
For example, the therapy may involve a cardiac resynchroni 
Zation therapy and/or may include bi-ventricular pacing. 

If a shift is not detected, no clinical action 550 is taken. The 
process continues 560 with the acquisition of data in a new 
moving window. 
The process described in connection with FIGS. 5A and 5B 

may be enhanced by fusing additional sensor data associated 
with other ambulatory parameters and/or by performing 
regression adjustment in a multivariate cumulative sum cal 
culation. Multisensor fusion may be implemented as a time 
lag combination between alerts issued on particular signals. 
The time lag may be suggested based on clinical or demo 
graphic patient characteristics and/ or physician input. 

Certain con?gurations of medical devices used to imple 
ment the CHF evaluation processes of the present invention 
are generally described as capable of various functions tradi 
tionally performed by an implantable cardioverter/de?brilla 
tor (ICD), and may operate in numerous cardioversion/ 
de?brillation modes as are known in the art. Examples of ICD 
circuitry, structures and functionality, aspects of which may 
be incorporated in a medical device of the present invention, 
are disclosed in commonly owned US. Pat. Nos. 5,133,353; 
5,179,945; 5,314,459; 5,318,597; 5,620,466; and 5,662,688, 
which are hereby incorporated herein by reference. 

In particular con?gurations, systems and methods may 
perform functions traditionally performed by pacemakers, 
such as providing various pacing therapies as are known in the 
art, in addition to cardioversion/de?brillation therapies. 
Examples of pacemaker circuitry, structures and functional 
ity, aspects of which may be incorporated in a medical device 
of the present invention, are disclosed in commonly owned 
US. Pat. Nos. 4,562,841; 5,284,136; 5,376,106; 5,036,849; 
5,540,727; 5,836,987; 6,044,298; and 6,055,454, which are 
hereby incorporated herein by reference. It is understood that 
medical device con?gurations may provide for non-physi 
ologic pacing support in addition to, or to the exclusion of, 
bradycardia and/or anti-tachycardia pacing therapies. 
A medical device in accordance with the present invention 

may implement diagnostic and/or monitoring functions as 
well as provide cardiac stimulation therapy. Examples of 
cardiac monitoring circuitry, structures and functionality, 
aspects of which may be incorporated in a medical device of 
the present invention, are disclosed in commonly owned US. 
Pat. Nos. 5,313,953; 5,388,578; and 5,411,031, which are 
hereby incorporated herein by reference. 

Referring now to FIG. 6 there is illustrated an embodiment 
of a medical device con?gured to evaluate CHF symptoms 
and initiate appropriate clinical actions in accordance with 
embodiments of the present invention. In this illustrative 
example, the medical device comprises a cardiac rhythm 
management (CRM) device 600 including an implantable 
pulse generator 605 electrically and physically coupled to a 
lead system 610. 

Portions of the lead system 610 are inserted into the 
patient’s heart 690. The lead system 610 includes one or more 
electrodes and/or sensors con?gured to sense electrical car 
diac activity of the heart, deliver electrical stimulation to the 
heart, sense transthoracic impedance, sense blood (internal 
?lling) pressure, ?ow, and/or temperature, sense acceleration 
and/or body acoustics, and/or sense other physiological 
parameters of interest. Portions of the housing 601 of the 
pulse generator 605 may optionally serve as a can electrode. 

Communications circuitry is disposed within the housing 
601 for facilitating communication between the pulse gen 
erator 605 and an external communication device, such as a 
portable or bed-side communication station, patient-carried/ 
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Worn communication station (e.g., communicator), external 
programmer or advanced patient management system inter 
face, for example. The communications circuitry may also 
facilitate unidirectional or bidirectional communication With 
one or more implanted, external, cutaneous, or subcutaneous 
physiologic or non-physiologic sensors, patient-input 
devices and/or information systems. In some embodiments, 
the communications circuitry may facilitate acquisition of 
externally acquired data, such as Weight, Which may be deter 
mined through an automated process or may be manually 
input by the patient via a device programmer Wirelessly 
coupled to the CRM device 600. 

The pulse generator 605 may optionally incorporate a 
motion sensor 620 that may be used to sense patient activity 
as Well as various respiration and cardiac related conditions. 
For example, the motion sensor 620 may be optionally con 
?gured to sense sleep disordered breathing, activity level, 
and/or chest Wall movements associated With respiratory 
effort, for example. The motion sensor 620 may be imple 
mented as an accelerometer positioned in or on the housing 
601 of the pulse generator 605. For a motion sensor imple 
mented as an accelerometer, the motion sensor 620 may also 
provide respiratory, e.g. rales, coughing, and cardiac, e.g. 
S1-S4 heart sounds, murmurs, and other acoustic informa 
tion. An accelerometer may be used to sense patient activity 
Which may be used to determine CHF progression. 

The lead system 610 and pulse generator 605 of the CRM 
600 may incorporate one or more transthoracic impedance 
sensors that may be used to acquire the patient’s respiration 
Waveform, and/or other respiration-related information and/ 
or acquire implantable impedance data associated With lung 
?uid accumulation. The transthoracic impedance sensor may 
include, for example, one or more electrodes 641, 642, 651 
655, 663 positioned in relation to one or more chambers of the 
heart 690. The electrodes 641, 642, 651-655, 663 may be 
coupled to impedance drive/sense circuitry 630 positioned 
Within the housing of the pulse generator 605. 

In one implementation, impedance drive/sense circuitry 
630 generates a current that ?oWs through the tissue betWeen 
an impedance drive electrode 651 and a can electrode on the 
housing 601 of the pulse generator 605. The voltage at an 
impedance sense electrode 652 relative to the can electrode 
changes as the patient’s transthoracic impedance changes. 
The voltage signal developed betWeen the impedance sense 
electrode 652 and the can electrode is detected by the imped 
ance sense circuitry 630. Other locations and/or combina 
tions of impedance sense and drive electrodes are also pos 
sible. Other sensors may additionally be coupled to the CRM 
600. 
The lead system 610 may include one or more cardiac 

pace/ sense electrodes 651-655 positioned in, on, or about one 
or more heart chambers for sensing electrical signals from the 
patient’s heart 690 and/or delivering pacing pulses to the 
heart 690. The sense/pace electrodes 651-655, such as those 
illustrated in FIG. 6, may be used to sense and/or pace one or 
more chambers of the heart, including the left ventricle, the 
right ventricle, the left atrium and/or the right atrium. The 
lead system 610 may include one or more de?brillation elec 
trodes 641, 642 for delivering de?brillation/cardioversion 
shocks to the heart. 
The lead system 610 may include one or more leads each 

having one or more electrodes that extend into the heart. FIG. 
6 shoWs three such leads, one that extends into the right 
atrium, one that extends into the right ventricle, and one that 
extends into a coronary vein for placement at the surface of 
the left ventricle. The left ventricular lead, in particular, 
includes an LV distal electrode 655 and an LV proximal 
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electrode 654 located at appropriate locations in or about the 
left ventricle for pacing and/ or sensing the left ventricle. The 
left ventricular lead may be guided into the right atrium of the 
heart via the superior vena cava. From the right atrium, the left 
ventricular lead may be deployed into the coronary sinus 
ostium, the opening of the coronary sinus. The lead may be 
guided through the coronary sinus to a coronary vein of the 
left ventricle. This vein is used as an access pathWay for leads 
to reach the surfaces of the left ventricle that are not directly 
accessible from the right side of the heart. 
The pulse generator 605 may include circuitry for detect 

ing cardiac arrhythmias and/or for controlling pacing or 
de?brillation therapy in the form of electrical stimulation 
pulses or shocks delivered to the heart through the lead sys 
tem 610. The pulse generator 605 may also incorporate cir 
cuitry, structures and functionality of the implantable medical 
devices disclosed in commonly oWned U.S. Pat. Nos. 5,203, 
348; 5,230,337; 5,360,442; 5,366,496; 5,397,342; 5,391,200; 
5,545,202; 5,603,732; and 5,916,243; 6,360,127; 6,597,951; 
and 6,993,389, Which are hereby incorporated herein by ref 
erence. 

For purposes of illustration, and not of limitation, various 
embodiments of devices implemented in accordance With the 
present invention are described herein in the context of medi 
cal devices that may be implanted under the skin in the chest 
region of a patient. A medical device may, for example, be 
implanted subcutaneously such that all or selected elements 
of the device are positioned on the patient’s front, back, side, 
or other body locations suitable for sensing cardiac activity 
and/ or delivering cardiac stimulation therapy. It is understood 
that elements of the medical device may be located at several 
different body locations, such as in the chest, abdominal, or 
subclavian region With electrode elements respectively posi 
tioned at different regions near, around, in, or on the heart. 
The primary housing (e.g., the active or non-active can) of 

the medical device, for example, may be con?gured for posi 
tioning outside of the rib cage at an intercostal or subcostal 
location, Within the abdomen, or in the upper chest region 
(e.g., subclavian location, such as above the third rib). In one 
implementation, one or more leads incorporating electrodes 
may be located in direct contact With the heart, great vessel or 
coronary vasculature, such as via one or more leads implanted 
by use of conventional transvenous delivery approaches. In 
another implementation, one or more electrodes may be 
located on the primary housing and/or at other locations 
about, but not in direct contact With the heart, great vessel or 
coronary vasculature. 

In a further implementation, for example, one or more 
electrode subsystems or electrode arrays may be used to sense 
cardiac activity and deliver cardiac stimulation energy in a 
medical device con?guration employing an active can or a 
con?guration employing a non-active can. Electrodes may be 
situated at anterior and/or posterior locations relative to the 
heart. Examples of useful electrode locations and features 
that may be incorporated in various embodiments of the 
present invention are described in commonly oWned, co 
pending U.S. Publication No. 2004/0230230 and Us. Pat. 
No. 7,499,750, Which are hereby incorporated herein by ref 
erence. 

In one con?guration, as is illustrated in FIG. 7, electrode 
subsystems of a medical device system are arranged about a 
patient’s heart 710. The medical device includes a ?rst elec 
trode subsystem, comprising a can electrode 702, and a sec 
ond electrode subsystem 704 that includes at least tWo elec 
trodes or at least one multi-element electrode. The second 
electrode subsystem 704 may include a number of electrodes 
used for sensing and/or electrical stimulation. 
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In various con?gurations, the second electrode subsystem 
704 may include a combination of electrodes. The combina 
tion of electrodes of the second electrode subsystem 704 may 
include coil electrodes, tip electrodes, ring electrodes, multi 
element coils, spiral coils, spiral coils mounted on non-con 
ductive backing, screen patch electrodes, and other electrode 
con?gurations as Will be described beloW. A suitable non 
conductive backing material is silicone rubber, for example. 

The can electrode 702 is positioned on the housing 701 that 
encloses the medical device electronics. The medical device 
shoWn in FIG. 7 incorporates one or more sensors con?gured 
to sense respiration. A sensing element, e.g., electrode, used 
for impedance sensing may be disposed on housing 701, such 
that element 702 may be representative of such electrode(s) 
alone or in combination With a can electrode. Sensing ele 
ments used for impedance sensing may be disposed on 
another component of the medical device, such as on lead 
706, a lead separate from lead 706, or on the subsystem 
element 704, Which may be representative of such sensing 
element(s) alone or in combination With a cardiac electrode. 
In addition to the electrodes previously described, a medical 
device of the present invention may include sensors con?g 
ured to sense blood (internal ?lling) pressure, How, and/or 
temperature, sense acceleration and/orbody acoustics, and/or 
sense other physiological parameters of interest. 
A medical device of the present invention may be imple 

mented to communicate With a patient management server or 
network via an appropriate communications interface or an 
external programmer. A medical device of the present inven 
tion may be used Within the structure of an advanced patient 
management (APM) system. The APM system alloWs physi 
cians to remotely and automatically monitor cardiac and res 
piratory functions, as Well as other patient conditions. 

In one example, a medical device implemented as a cardiac 
pacemaker, de?brillator, or resynchronization device may be 
equipped With various telecommunications and information 
technologies that enable real-time data collection, diagnosis, 
and treatment of the patient. Various medical device embodi 
ments described herein may be used in connection With 
advanced patient management. Methods, structures, and/or 
techniques described herein, Which may be adapted to pro 
vide for remote patient/ device monitoring, diagnosis, 
therapy, or other APM related methodologies, may incorpo 
rate features of one or more of the folloWing references: U.S. 

Pat.Nos. 6,221,011; 6,270,457; 6,277,072; 6,280,380; 6,312, 
378; 6,336,903; 6,358,203; 6,368,284; 6,398,728; and 6,440, 
066, Which are hereby incorporated herein by reference. 

The components, functionality, and structural con?gura 
tions depicted herein are intended to provide an understand 
ing of various features and combination of features that may 
be incorporated in a medical device. It is understood that a 
Wide variety of medical devices and other implantable cardiac 
monitoring and/or stimulation device con?gurations are con 
templated, ranging from relatively sophisticated to relatively 
simple designs. As such, particular medical device or cardiac 
monitoring and/or stimulation device con?gurations may 
include particular features as described herein, While other 
such device con?gurations may exclude particular features 
described herein. 

FIG. 8 illustrates a block diagram of a system 800 suitable 
for evaluation of CHF symptoms in accordance With embodi 
ments of the invention. As previously discussed, in some 
embodiments, sensors and other circuitry components used 
for CHF symptom evaluation based on cumulative sum analy 
sis are implemented in conjunction With an implantable car 
diac rhythm device. The cardiac rhythm device includes car 
diac electrodes 810 that are electrically coupled to the 
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patient’s heart. Electrical signals from the patient’s heart are 
sensed via the cardiac electrodes 810 and cardiac sensing 
circuitry 825. The cardiac therapy control circuitry 854 may 
detect arrhythmic conditions, such as bradyarrythmia or tach 
yarrhythmia, based on the sensed cardiac electrical signals. 
Cardiac therapy control circuitry 854 controls cardiac therapy 
circuitry 815 Which generates electrical stimulation pulses 
delivered to the heart through the cardiac electrodes 810 to 
treat various heart rhythm irregularities. For example, the 
cardiac therapy circuitry 815 may generate a series of loW 
energy electrical pacing pulses timed to assist the heart in 
maintaining a hemodynamically appropriate rhythm and syn 
chroniZation. The cardiac therapy circuitry 815 may generate 
high energy shocks delivered to the heart if the cardiac control 
circuitry 854 detects tachycardia or ?brillation, arrhythmic 
conditions producing a heart rate that is too fast and possibly 
lethal. 
The system 800 may include one or more sensors 822 for 

sensing physiological parameters and acquiring data associ 
ated With CHF symptoms. The sensors 822 are coupled to a 
diagnostics processor 821 Which is con?gured to perform 
cumulative sum analysis of the sensor signals. The sensors 
822 may be implantable or patient-external. In some con?gu 
rations, the diagnostics processor 821 may be disposed Within 
the housing of an implantable device, such as a cardiac pace 
maker. In this con?guration, external sensors 822 are com 
municatively coupled With the diagnostics processor 821 of 
the implanted device via a Wireless communications link. 
Similarly, if the diagnostics processor 821 is positioned exter 
nal to the patient, implanted sensors 822 are Wirelessly 
coupled to a patient-external device. 

Sensor drive/sense circuitry 824 provides the necessary 
drive signals to activate the sensors 822 and also conditions 
the sensor response signals. For example, the drive/sense 
circuitry 824 may be con?gured to perform sampling, ?lter 
ing, analog to digital conversion, and/or other processing of 
the sensor data. In addition to sensed data, information may 
be input to the system 800 via a remote device 865. For 
example, patient Weight information may be manually 
entered by the patient into the diagnostics processor 821 
through the remote device 865. 

In some implementations, the diagnostics processor 821 
may pre-process the data to derive certain parameters from 
the sensed or manually entered data. For example, the diag 
nostics processor 821 may include circuitry for detecting 
disordered breathing episodes from a respiration signal gen 
erated by a sensed transthoracic impedance signal. The diag 
nostics processor 821 may derive an index representative of a 
severity of disordered breathing, such as an apnea/hypopnea 
index (AHI) Which is a measure of the number of disordered 
breathing episodes per unit of time. A cumulative sum evalu 
ation of the AHI may be performed to assess CHF progres 
sion. As another example, the diagnostics processor 821 may 
analyZe a cardiac electrogram sensed via the cardiac elec 
trodes 810 and cardiac sensing circuitry 825 to derive heart 
rate variability (HRV) or other parameters associated With 
cardiac function. The diagnostics processor 821 may perform 
a cumulative sum evaluation of HRV. As previously men 
tioned, a representative set of data acquired for CHF evalua 
tion may include one or more of the folloWing parameters: 
transthoracic impedance, respiratory rate, S3 or S4 gallop 
heart sounds, heart rate variability, Weight, activity, and apnea 
hypopnea index, among other parameters indicative of CHF 
symptoms. 
The trend developed by the diagnostics processor 821 may 

be stored in memory 845 and may be doWnloaded to the 
remote device 865 periodically or on request. The diagnostics 
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processor 821 is con?gured to evaluate the sensor data trend 
using cumulative sum techniques, such as those described in 
the exemplary embodiments provided herein. The diagnos 
tics processor 821 compares the cumulative sum to a thresh 
old or V-mask to determine if a persistent shift in sensor data 
indicates Worsening of the CHF symptoms being evaluated. A 
display unit 866 may be coupled to the remote device 865 (in 
Wireless communication With communications circuitry 835) 
to display data trends, alert messages, and/or other informa 
tion associated With CHF including the progression or regres 
sion of CHF or various symptoms associated With CHF. 

In one embodiment, if a persistent shift is detected, the 
diagnostics processor 821 controls an alarm unit 846 to gen 
erate an alert to the patient or physician. The alert may be an 
audible, visual and/ or vibratory alert, and may be communi 
cated to the patient or other person via an email, pager or 
telephone message. In another embodiment, if a persistent 
shift of the data is detected, the diagnostics processor 821 
may generate a control signal received by the therapy unit 
854. In the illustrated embodiment, the control signal ini 
tiates, terminates, or modi?es an electrical stimulation 
therapy delivered to the patient. 
A system according to the present invention may include 

one or more of the features, structures, methods, or combina 
tions thereof described herein. For example, a cardiac moni 
tor, cardiac stimulator, drug pump, or other type of implant 
able, partially implantable, orpatient-external medical device 
may be implemented to include one or more of the advanta 
geous features and/or processes described above. It is 
intended that such an implanted, partially implanted or 
patient external device need not include all of the features 
described herein, but may be implemented to include selected 
features that provide for useful structures and/or functional 
ity. Such a device may be implemented to provide a variety of 
therapeutic or diagnostic functions. 

The implementation described in connection With FIG. 8 
presumes that diagnostics processor 821 performing the 
evaluation of sensor data for CHF is performed by an implant 
able device. In other con?gurations, these processes may be 
performed by a patient-external device, such as the remote 
device 865, or by tWo or more implantable or patient-external 
devices that are communicatively coupled. For example, in 
one con?guration, an implantable device may perform one 
subset of the functions described above and a remote device, 
Which may be a device programmer or advanced patient man 
agement system, may perform another subset of the func 
tions. 

Various modi?cations and additions can be made to the 
preferred embodiments discussed herein above Without 
departing from the scope of the present invention. Accord 
ingly, the scope of the present invention should not be limited 
by the particular embodiments described above, but should be 
de?ned only by the claims set forth beloW and equivalents 
thereof. 
What is claimed is: 
1. A method, comprising: 
acquiring sensor data associated With one or more symp 

toms of heart failure; 
calculating a cumulative sum from the sensor data; 
evaluating the cumulative sum to determine a change in the 

one or more heart failure symptoms by comparing the 
cumulative sum to one or both of a threshold and a 

V-mask, Wherein the cumulative sum exceeding the 
threshold or the V-mask indicates change in the one or 
more heart failure symptoms; and 

generating an output in response to the cumulative sum 
exceeding one or both of the threshold and the V-mask, 
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Wherein generating the output comprises at least one of 
triggering an alert and changing delivery of a therapy, 
Wherein at least one of evaluating, comparing, and gen 
erating is implemented at least in part by circuitry. 

2. The method of claim 1, Wherein acquiring the sensor 
data comprises: 

generating a transthoracic impedance signal; and 
extracting statistical features from the transthoracic imped 

ance signal. 
3. The method of claim 1, Wherein acquiring the sensor 

data comprises: 
acquiring heart sounds data; and 
extracting statistical features from the heart sounds data. 
4. The method of claim 1, Wherein acquiring the sensor 

data comprises: 
acquiring patient activity data; and 
extracting statistical features from the patient activity data. 
5. The method of claim 1, Wherein acquiring the sensor 

data comprises: 
acquiring heart rate variability data; and 
extracting statistical features from the heart rate variability 

data. 
6. The method of claim 1, Wherein acquiring the sensor 

data comprises: 
acquiring apnea/hypopnea index data; and 
extracting statistical features from the apnea/hypopnea 

index data. 
7. The method of claim 1, Wherein the acquired sensor data 

comprises data associated With one or more cardiac param 
eters. 

8. The method of claim 1, Wherein acquiring the sensor 
data comprises acquiring data from a single sensor. 

9. The method of claim 1, Wherein: 
acquiring the sensor data comprises acquiring the sensor 

data from multiple sensors; and 
developing the cumulative sum comprises developing a 

multivariate cumulative sum. 

10. The method of claim 1, acquiring the sensor data com 
prises acquiring the sensor data based on signals sensed 
Within a moving time WindoW. 

11. The method of claim 1, Wherein calculating the cumu 
lative sum comprises: 

trending the sensor data in a moving WindoW; 
determining a slope of the sensor data trended in the mov 

ing WindoW; and 
calculating the cumulative sum of the slope. 
12. The method of claim 1, Wherein: 
evaluating the cumulative sum comprises detecting a shift 

in the cumulative sum; and 
generating the output comprises generating a status alert 

based on the shift. 
13. The method of claim 1, Wherein generating the output 

comprises controlling the therapy based on the evaluation of 
the cumulative sum. 

14. The method of claim 1, Wherein at least one of acquir 
ing the sensor data, calculating the cumulative sum, evaluat 
ing the cumulative sum, and generating the output are per 
formed at least in part by implantable circuitry. 

15. A medical device, comprising: 
sensing circuitry con?gured to acquire sensor data associ 

ated With one or more symptoms of heart failure; and 
a diagnostics processor con?gured to calculate a cumula 

tive sum of the sensor data, evaluate the cumulative sum 
to determine Whether the cumulative sum exceeds one or 
both of a threshold and a V-mask indicating change in 
one or more heart failure symptoms, and generate an 
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output in response to the cumulative sum exceeding one 
or both of the threshold and the V-mask. 

16. The medical device of claim 15, Wherein the sensing 
circuitry comprises a sensor con?gured to sense transthoracic 
impedance, the sensing circuitry con?gured to acquire the 
sensor data based on the transthoracic impedance signal. 

17. The medical device of claim 15, Wherein at least one of 
the sensing circuitry and the diagnostics processor comprises 
an implantable component. 

18. The medical device of claim 15, Wherein the diagnos 
tics processor is con?gured to extract statistical features from 
the sensor data and to calculate the cumulative sum of the 
extracted statistical features. 

19. The medical device of claim 15, Wherein the diagnos 
tics processor is con?gured to trend the sensor data, deter 
mine a slope of the trend, and calculate the cumulative sum of 
the slope. 

20. The medical device of claim 15, Wherein the medical 
device further comprises an alarm unit coupled to the diag 
nostics processor, the diagnostics processor is con?gured to 
evaluate the cumulative sum by detecting a shift in the cumu 
lative sum, and the alarm unit is con?gured issue an alert 
When the shift exceeds one or both of the threshold and the 
V-mask. 

21. The medical device of claim 15, Wherein the medical 
device further comprises a therapy control unit coupled to the 
diagnostics processor, the therapy control unit used to control 
a therapy based on the evaluation of the cumulative sum 
indicating one or more heart failure symptoms. 
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22. The medical device of claim 21, Wherein the therapy 

comprises a cardiac pacing therapy. 
23. A medical system, comprising: 
means for acquiring sensor data associated With one or 
more symptoms of heart failure; 

means for calculating a cumulative sum of the sensor data; 
means for evaluating the cumulative sum to determine a 

change in the cumulative sum relative to one or both of 
a threshold and a V-mask, Wherein the cumulative sum 
exceeding the threshold orV-mask indicates a change in 
one or more heart failure symptoms; and 

means for generating an output in response to the cumula 
tive sum exceeding one or both of the threshold and the 
V-mask. 

24. The system of claim 23, further comprising: 
means for generating a respiration signal; and 
means for extracting statistical features from the respira 

tion signal. 
25. The system of claim 23, further comprising: 
means for detecting a shift in the cumulative sum; and 
means for generating a status alert based on the generated 

output. 
26. The system of claim 23, further comprising means for 

controlling a therapy based on the generated output. 
27. The system of claim 26, Wherein the therapy is biven 

tricular pacing. 




